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The effects of Mn doping on the structural properties of the topological insulator Bi,Se; in thin
film form were studied in samples grown via molecular beam epitaxy. Extended x-ray absorption
fine structure measurements, supported by density functional theory calculations, indicate that pref-
erential incorporation occurs substitutionally in Bi sites across the entire film volume. This finding
is consistent with x-ray diffraction measurements which show that the out of plane lattice constant
expands while the in plane lattice constant contracts as the Mn concentration is increased. X-ray
photoelectron spectroscopy indicates that the Mn valency is 2+ and that the Mn bonding is similar
to that in MnSe. The expansion along the out of plane direction is most likely due to weakening of
the Van der Waals interactions between adjacent Se planes. Transport measurements are consistent
with this Mn®" substitution of Bi sites if additional structural defects induced by this substitution
are taken into account. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927171]

I. INTRODUCTION

Topological insulators (TIs) are a new class of quantum
matter with a bulk band gap and gapless metallic surface
states.' The spin and momentum degrees of freedom are
locked and are robust against non-magnetic perturbations.
The surface states of a three dimensional (3D) topological
insulator were first observed in Bi;_,Sb, with a Dirac-like
energy momentum dispersion relation.* The surface-
sensitive techniques angle resolved photoemission spectros-
copy (ARPES) and spin and angle resolved photoemission
spectroscopy (SARPES) have been used to confirm the band
structure of the surface states.*®

Among the known 3D TI materials, Bi,Se; has a rela-
tively large band gap of ~0.3eV.” The effect of magnetic
impurities in this material has been investigated experimen-
tally and computationally in nanoribbons, thin films, and sin-
gle crystals doped with ferrocene,® Cr,”'® Fe,!' and Mn.'?
For the case of Mn-doped Bi,Ses single crystals'* and thin
ﬁlms,lS_15 the experimental research has focused almost
exclusively on the carrier type conversion in the electrical
transport and the magnetization properties with an emphasis
on ferromagnetism. In particular, Zhang et al. describe the
transition of weak anti-localization to weak localization with
increasing Mn concentration'* using a modified Hikami-
Larkin-Nagaoka (HLN) transport model'® that takes into
account the opening of an energy gap in the topological
states’ dispersion relation due to the presence of magnetic
impurities.'” However, the samples used in Ref. 14 had a
higher concentration of Mn at the surface than in the bulk,
and the carrier density was reported to increase with
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increasing Mn concentration. An increase in n-type carrier
density is not expected if Mn is substitutionally incorporated
for Bi, because the Mn valency could either be 3+ (the same
as Bi*™), as predicted by density functional theory (DFT),'®
or 2+ if bonding is of the MnSe type (NaCl crystal struc-
ture).'® In the latter case, Mn impurities would act as accept-
ors and thus decrease, not increase, the carrier density due to
partial carrier compensation.

Here we present a systematic study of the structural
properties of Mn-doped Bi,Se; thin films grown by molecu-
lar beam epitaxy (MBE). X-ray photoelectron spectroscopy
(XPS) data indicate that Mn is incorporated into the lattice
with a valency similar to that of MnSe (2+). Using extended
x-ray absorption fine structure (EXAFS) measurements, we
show that the Mn is incorporated substitutionally into the Bi
sites and that the distance to Se nearest neighbors is signifi-
cantly smaller than the Bi-Se interatomic distance. X-ray dif-
fraction (XRD) data indicate that a lattice expansion along
the [001] direction parallel to the growth direction (using a
hexagonal basis), as a function of Mn concentration, also
observed in Cr-doped Bi,Sej; thin films, is accompanied by a
decrease in the lattice constant in the plane of the sample.
These measurements are consistent with the EXAFS data if
Mn weakens the van der Waals bonding between adjacent Se
planes. The variations of carrier density and mobility at low
temperature as functions of Mn concentration are consistent
with the structural characterization, including the Mn
valency.

Il. EXPERIMENTAL PROCEDURES

Bi,_,Mn,Sej; thin films with approximate thicknesses of
~30 quintuple layers (QLs, 1 QL ~0.95 nm) were grown on
Al,O5 (0001) substrates by MBE in an ultra-high vacuum

© 2015 AIP Publishing LLC
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chamber with a base pressure P~ 3.7 x 10~ '°Torr. Prior to
the growth, the substrates were annealed in air for 2 h at
1200 °C to achieve an atomically smooth surface, as verified
by atomic force microscopy (AFM). Bi (99.999%), Se
(99.999%), and Mn (99.999%) were simultaneously evapo-
rated using commercial Knudsen cells. Samples with Mn
concentrations x=0, 0.024, 0.047, 0.063 were grown.
Material fluxes of the constituent Bi, Se, and Mn were meas-
ured using a quartz crystal monitor placed at the position of
the substrate holder. The growth rate was determined by the
Bi flux and kept at 0.6 QL/min. The growth was performed
in two steps:?° the first 3 QLs were grown at a substrate tem-
perature of Tg=140°C, while the subsequent ones were
grown after the substrate temperature was raised to
Ts=275°C. The film surface quality was monitored in-situ
using Reflection High-Energy Electron Diffraction
(RHEED). Although RHEED oscillations were observed
during the growth of pure (x =0) Bi,Se; films, indicating
quintuple layer-by-layer growth, oscillations were not
observed for samples with x> 0. The typical Se/Bi molar
flux ratio value was 15+ 0.7.2' To avoid oxidation due to
exposure to air, all samples were transferred to another
growth chamber, without breaking vacuum, where they were
capped with a 10 nm thick polycrystalline MgF, layer grown
at room temperature by electron beam evaporation.”? An
additional sample with x=0.13, 12 QL layers thick, was
grown using the same conditions described above for XPS
measurements in order to calibrate the Mn concentration and
to determine the valency of the Mn impurities.

XPS depth profile analysis was performed using a
Physical Electronics PHI 5000 VersaProbe XPS system with
a monochromatic Al Ka source (energy = 1486.7¢eV) and a
beam diameter of approximately 100 um equipped with a
hemispherical detector oriented at a 45° take-off angle with
respect to the sample surface. The MgF, capping layer was
sputtered off using Ar ions with an energy of 2keV and a
current of 10 A for 6 s intervals. Between each interval, sur-
vey scans from OeV to 1400eV were performed. This was
repeated until the Mg 1s and F 1s peaks almost disappeared.
Once this was done, detailed scans of the Bi 4f, Se 3d, and
Mn 2p transitions were acquired. The binding energies were
calibrated to the C 1s peak coming from the surface of the
sample before sputtering.

The crystal structure was analyzed using XRD and film
thickness and interface roughness parameters were deter-
mined from x-ray reflectivity (XRR) measurements using
the GenX software package.”> X-ray scattering was meas-
ured using a Rigaku Cu rotating anode source and a bent
crystal monochromator tuned to the Cu K« radiation
(0.15418 nm wavelength). XRD and XRR were measured
on separate ports using four-circle and two-circle Huber
goniometers, respectively. Surface topography was charac-
terized by AFM using a Veeco Multimode scanning probe
microscope.

In order to characterize the Mn impurity sites, x-ray
absorption data were taken on the x=0.063 sample at
Advanced Light Source (ALS) beamline 10.3.2 at the Mn
K-edge.”* The sample was set to a 2° grazing angle with
respect to the beam in order to increase the signal from the
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thin Bi,_Mn,Se; layer. The beam spot in the horizontal
configuration was 12 um in diameter, making the footprint
on the sample 350 um wide. The fluorescence signal was
detected using an AmpTek drift-diode detector. The data
were taken out to k=11.4 A",

Prior to the transport measurements, the films were pho-
tolithographically etched into well-defined conduction paths.
Linear resistivity and Hall effect signals were measured
using a six-probe configuration in a Physical Property
Measurement System (PPMS) from Quantum Design with
the magnetic field applied perpendicular to the thin film sur-
face. Electrical contacts were made using silver paste cured
at room temperature.

I1l. RESULTS AND DISCUSSION
A. General structural characteristics

Figure 1(a) shows a typical RHEED image of the sur-
face of the x=0.047 film taken after the film growth.
Streaky RHEED patterns confirmed the formation of an epi-
taxial film with a relatively smooth surface. All samples had
similar RHEED patterns.

Images of the surface topography obtained from the top
of the MgF, capping layers, such as the one shown in Fig.
1(b) for the x =0.047 sample, had triangular structure which
were likely related to the underlying Bi,_,Mn,Se; layer. The
root mean square (RMS) surface roughness from the image
was calculated to be 3.8 nm.
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FIG. 1. (a) RHEED pattern for the x =0.047 sample immediately prior to
capping by MgF,. (b) Ex-situ AFM image (lateral length scale:
2 pum X 2 um) of the x=0.047 sample after MgF, capping. (c) Low angle
x-ray reflectivity data for the Bi,_Mn,Se; films as a function of momentum
transfer Q. Circles are the data and curves are the corresponding fits. Inset:
RMS roughness at the Bi, ,Mn,Ses;/MgF, interface obtained from fits to the
x-ray reflectivity data. Curve is a guide to the eye.
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Figure 1(c) shows the results of the XRR measurements.
For the samples with larger Mn concentrations, the interface
roughness at the Bi, ,Mn, Ses/MgF, roughness was larger,
so in order to model this an interface layer between the
Bi, ,Mn,Se; and MgF, layers with a scattering coherence
length equal to the average of the two materials was intro-
duced. The fits to the data yielded Bi, Mn,Se; film thick-
ness parameters of 31.5, 30.7, 29.3, 28.5 £0.2nm with
interface layer thicknesses of 0.9, 2.8, 3.4, 3.4 = 0.1 nm for
the x=0, 0.024, 0.047, 0.063 samples, respectively. This is
indicative of the increasing roughness as a function of
increasing Mn concentration. The roughness obtained from
the fits shown in Fig. 1(c) between the Bi, Mn,Se; and
interface layer are plotted in the inset of Fig. 1(c). This is
another way of quantitatively characterizing the increase of
the surface roughness of the Bi, Mn,Se; film with increas-
ing x. This roughness was consistent with the RMS rough-
ness obtained from the AFM data.

XRD patterns for all samples are shown in Fig. 2(a).
Using a hexagonal basis, the films were [001]-oriented and
the calculated out-of-plane hexagonal lattice parameter, c,
increased (Fig. 2(b)), while the in-plane lattice constant a
(Fig. 2(c)) decreased with increasing x. The value of ¢ was
determined from the out-of-plane (00/) peaks (using a hexag-
onal basis), while the value of a was determined from the
position of the (015) peak and the value of c. A similar
increase in ¢ with increasing Cr impurity concentration
observed in Bi,_,Cr,Se; thin films'® has been attributed to
intercalated Cr. As discussed in more detail below, however,
intercalation of Mn in the Mn-doped samples is unlikely in
view of the simultaneous decrease in a and the analysis of
the EXAFS data.

To investigate the structural disorder in the films, rock-
ing curve scans of the (00.15) peak were performed. The
rocking curves are shown in Fig. 3(a) and their correspond-
ing calculated full width at half maximum (FWHM) values
are indicated in Fig. 3(b). Because the FWHM was larger in
the Mn-doped samples than in the pure sample, we conclude
that crystallographic disorder increased with increasing Mn
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FIG. 2. (a) X-ray diffraction scans for Bi,_,Mn,Se; samples. The (00/)
peaks are indicated using a hexagonal basis. Asterisks indicate substrate
peaks. (b) Out-of-plane (001) lattice constant as a function of x. (c) In-plane
(100) lattice constant as a function of x.
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impurity level. Other 30 QL thick samples grown with
x>0.063 were not epitaxial; indeed, it was not possible to
obtain RHEED or x-ray diffraction patterns for these
samples which indicated that they were amorphous or poly-
crystalline. This trend is consistent with other work on Mn-
doped Bi,Se; (Refs. 25 and 26) and with measurements of
Bi, ,Cr,Se; thin films, where the crystalline structure
quickly deteriorated with increasing Cr doping.'®

B. XPS measurements

XPS Bi 4f, Se 3d, and Mn 2p spectra are shown in
Figs. 4(a), 4(b), and 4(c), respectively, for the 12 QL sample
with x =0.13 sample grown under the same conditions as the
other samples described in the text. This sample had a larger
Mn concentration which was desirable to obtain a larger Mn
XPS signal, but the thickness was smaller in order to

@
'c
5
o
—
S
2
‘»
C
o
£
0 1 n 1 n 1 n 1 n 1
-1.0 0.5 0.0 0.5 1.0
dw (degrees)
0.6 T T T T T T T
Q
(b)
—~ 05} i
@ ?
[
o
2 )
S
=
é 0.4} g
L
Q
03 1 n 1 n 1 n 1
0.00 0.02 0.04 0.06

X

FIG. 3. (a) Rocking curves of the (00.15) x-ray diffraction peak for the sam-
ples uses in this study. The data have been offset along the vertical axis for
clarity. The solid curves are fits to a Lorenzian peak function. (b) Full width
at half maximum (FWHM) values obtained from the Lorenzian fits as a
function x. The lines between data points are guides to the eye.
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FIG. 4. XPS data (O) of Bi-4f (a), Se-3d (b), and Mn-2p (c) core levels for
the 12 QL thick x =0.13 sample. Data were acquired after sputtering off the
MgF, capping layer as described in the text. The magenta curves represent
the fit to Gaussian lineshapes which are shown by the red, blue, and green
curves. The red and blue curves represent the electron spectra contributions
of 4f5, and 417, for Bi, the 3d;/, and 3ds, for Se, and 2p3/, and 2p, , for
Mn, respectively. For Mn (c), satellite peak contributions are also shown by
the green and light blue curves. The black dots represent data for MnSe pow-
der reported in Ref. 28.

preserve the Bi,Ses crystal structure. After removing the
background, the peaks arising from different transitions were
fit to Gaussian lineshapes, with the total contributions of all
transitions shown by the magenta curves in Fig. 4. The center
of the peaks (binding energies Ep) and widths of the peaks
determined from the fits are shown in Table I. Atomic con-
centrations of Mn were calculated by comparing the area
under the curves of the Bi (Fig. 4(a)) and Mn (Fig. 4(c)) sig-
nals, and the calibration of the quartz crystal monitor was
confirmed to be accurate to better than 20%.

For Bi 4f and Se 3d spectra, two peaks were observed
which result from splitting due to spin-orbit coupling. The Bi
4f;,, and 4fs5, peaks were separated 5.4 eV (Fig. 4(a)) while
the Se 3ds/, and 3ds/, separation was 0.9¢€V (Fig. 4(b)), as

TABLE 1. Results of analysis of XPS data using Gaussian lineshapes to
determine the binding energy (E) and full width at half maximum (FWHM)
of the peaks. The uncertainties for the peak position were no greater than
+0.1eV. The second peak for the Mn 2p signals is a satellite peak.

Core level Eg (eV) FWHM (eV)
Bi 47/, 158.1 1.8
Bi 4fs5» 163.4 1.5
Se 3ds» 54.0 0.8
Se 3d3,» 54.9 1.0
Mn 2p3,, 641.8 2.9
(satellite) 645.5 6.2
Mn 2p; s, 653.2 24
(satellite) 657.3 6.6

J. Appl. Phys. 118, 045302 (2015)

expected from prior measurements performed for Bi,Se;
cleaved in vacuum.?’ The shoulder between the Bi 4f peaks
is likely a result of the Se 3p3,, peak usually observed at
Ep~160¢eV in Bi,Ses.?**

The Mn 2p spectra provide valuable information regard-
ing the Mn valence state. Figure 4(c) shows the multiplet
splitting of the Mn-2p spectrum. The red and blue curves in
Fig. 4(c) are the contributions to the 2ps/, and 2p, /, peaks,
while the green and light blue curves are satellite peaks,
resulting mostly from charge transfer effects between ligand
p orbitals (in this case, the Se 3p orbitals, assuming bonding
with Se nearest neighbors) and metal d orbitals (i.e., Mn 3d
orbitals), which are commonly observed in transition-metal
compounds.’® The position of the 2p; /2 peak at a binding
energy Ep=641.8+0.1eV agrees well with the values
found in the literature for Mn,Osz (641.7¢V) and MnSe
(641.8 V). Moreover, the separation between the main 2p3 >
and 2p;,, peaks of 11.5€V, resulting from spin-orbit cou-
pling in the Mn atom, is in excellent agreement with data
from Mn compounds.”®**~? The presence of broad satellite
peaks at Ep=645.5 and 657.3¢eV is considered a reference
for the presence of Mn”, which has been observed in
MnO,31 MnTe,33 and MnSe,28 but not in Mn203,32 which is
a Mn>" compound. In Fig. 4(c), we also plot data for MnSe
powder digitized from Ref. 28 (background not removed).
Clearly, our data are very similar to the MnSe data in terms
of the positions of the main and satellite Mn 2p peaks. The
shoulder in the MnSe data near 640eV likely comes from
MnSe, impurities, since the 2p3,, peak for MnSe, is known
to occur at 640.5eV.>* The position of the Mn peak in our
sample at 641.8 eV, together with an absence of a shoulder at
640.5, is strong evidence that Mn in our Bi, ,Mn,Se; is in
the Mn”" state. We note that recent x-ray absorption spec-
troscopy work on Cr-doped Bi,Se; indicates that Cr impur-
ities also tend to be in the divalent state, in agreement with
our results.*

C. X-ray absorption spectroscopy

EXAFS measurements were performed on the x =0.063
sample to determine the specific lattice site(s) where the Mn
atoms are absorbed. Data were analyzed using the Artemis
software™® to fit the first two shells, with initial geometry
derived from the undistorted crystal structure.’’ Fits were
done on the real space Fourier transform y(R) of the response
&%y (k) performed in the range of 2.5 < k < 10.0 A

The data for the magnitude and real part of y(R) are
shown in Figs. 5(a) and 5(b), respectively. We considered
three possibilities: Mn going substitutionally in the Bi sites,
Mn going into a Se site, and Mn cluster formation. For the
Mn in the Bi site model, Sel.1 and Se2.1 refer to the Sel and
Se2 nearest neighbors of a Bi atom, corresponding to the Sel
and Se2 sites shown in Fig. 5(c). The best fitting results to
%(R) are represented by the curves in Fig. 5 with parameters
shown in Table II. For Mn in the Sel site, only nearest
neighbor Bi sites were taken into account. For the case of
Mn in Bi sites (red curves), the data were fit very well by
including scattering from the Sel and Se2 sites, with an
R-factor of 0.0031. Interestingly, the data indicate that the
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FIG. 5. EXAFS Fourier transform function y(R) of the response function
k3y(k) near the Mn Ko absorption edge for the x = 0.063 sample in the range
of 1.2 A to 3.2 A. The results of the best fits to the magnitude (a) and real
part (b) of y(R) are shown for the Mn atom in the Bi and Sel sites (red and
blue curves, respectively). The case of possible metallic Mn clustering corre-
sponds to the green curve. The unit cell corresponding to three Bi,Se; QLs
is shown in (c). A single QL is outlined by the blue square and the Bi and Se
atomic sites, composed of layers along the (vertical) c-axis are indicated.
Note that the Sel and Se2 sites are inequivalent. The Se2.2 sites are Se2 sites
in adjacent QLs.

Se nearest neighbors are much closer than if the sites were
occupied by Bi. The Mn in Sel site fit (blue curve) was qual-
itatively different from the data, showing a dip near the
first-shell maximum characteristic of a Ramsauer-Townsend
resonance resulting from scattering from the heavy Bi atoms
(a similar result is obtained for substitution in the Se2 site).38
For the Mn cluster model, the results indicate an anoma-
lously low scattering amplitude (S = 0.18). Moreover,
although the shape of the main peak appears to be approxi-
mately correct, the structure around it is not reproduced by
this model in terms of the positions of the secondary maxima
and minima. This leads to an R-factor that is significantly
higher than for the Mn in Bi site model (0.051). Therefore,
our results support doping into the group V element site, in
agreement with a previous EXAFS study of Mn-doped
GaAs,* and disprove the Mn segregation scenario. Our
results are in agreement with recent EXAFS work on Cr-
doped Bi,Se; single crystals where Cr was found to

TABLE II. Results of fits to EXAFS data for 1.2 A< R < 3.2 A. For the Mn
in Bi site, only nearest Se atoms at Se2 and Sel sites were considered, while
for the Mn in Sel site, only the nearest Bi sites were taken into account. The
parameters S2 and R are the amplitudes and shell distances obtained from
the fits, while N and R, are the expected degeneracy for each shell (number
of atoms) and bond distances for the Bi>Se; structure,’’ respectively (not fit-
ting parameters). For the Mn cluster model, the shortest bond distance for
the o-Mn structure is listed.*' The Debye-Waller scattering factor 6> was a
fitting parameter for the fits using the Mn in Bi and Mn cluster models. The
number of equivalent scatterers N was left as a fixed value during the fitting
process. Uncertainties are as reported by Artemis.

Site R-factor Path N o? (A% 3 RA) R, (A

Bi 0.0031 Se2.1 3 0.013*=0.007 09*=0.2 2.66*0.03 2.851

Sel.l 3 0.013+0.006 0.9*0.2 2.78£0.03 3.075
Sel 053 Bi 6 0.025 0.1+0.2 2.44%=0.03 3.074
Mn cluster 0.051 Mn 12 0.008 £0.003 0.18 =0.05 2.80 = 0.02 2.752

J. Appl. Phys. 118, 045302 (2015)

substitute primarily into the Bi sites with a significant local
contraction of the Cr-Se bond (2.50 A).m

The Mn-Se bond lengths obtained from EXAFS were
shorter than those corresponding to Bi-Se bonds in undoped
Bi,Se; (R and R,, respectively, listed in Table II). In order to
determine whether the bond lengths corresponding to the
nearest neighbor paths determined from EXAFS are sensible,
first-principles DFT calculations were performed using the
Vienna Ab-initio Simulation Package (VASP)**** which
uses pseudopotentials together with the projector augmented
wave approach. Starting with undoped Bi,Se; lattice param-
eters a=4.138 A and ¢ = 28.64 ;\, the unit cell was relaxed
to obtain the minimum energy geometry. The forces on each
of the atoms were calculated using the Hellmann-Feynman
theorem and were subsequently used to perform a conjugate
gradient structural relaxation. The structural optimizations
were continued until the forces on the atoms converged to
less than 1 meV/A. This optimization was completely carried
through for both undoped and doped materials. A sufficiently
high-energy cutoff of 350 eV was used in each calculation to
obtain accurate results. The relaxed geometry of undoped
BixSe; yielded a=4.184 A and ¢ =30.84 A. The calculated
distance between first nearest Se-Bi neighbors was 2.88A
and 3.00 A, which are within 3% of the experimental values
determined for single crystals of 2.85 A and 3.07 A, respec-
tively.?” The reason that the calculated lattice parameter dis-
agreed significantly along the c-axis is the difficulty of the
theory in calculating the Van der Waals interaction between
adjacent Se-Se planes, but otherwise the bond length calcula-
tions were quite similar to our experimental observation. For
the case of the Mn-doped system, we used a 2 x 2 X 1 super-
cell and replaced one out of 24 Bi atoms by a Mn atom, as
shown in Fig. 6(a), corresponding to x =0.084. The lattice
constants obtained for the Mn-doped structure were

FIG. 6. (a) Unit cell used for the DFT calculations. Red spheres are Bi
atoms, magenta spheres are Se atoms corresponding to pure Bi,Ses, green
spheres are Se atoms corresponding to Bi, Mn,Ses, and the blue sphere is
a Mn atom. The doped and undoped structures are superimposed to show the
difference between them. (b) Perspective along the [001] direction (c-axis)
of the quintuple layer containing the Mn impurity. Visualization rendered
using the VESTA software package.*®
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a=4.173 A and ¢ =30.89 A. Our calculations indicated that
the Bi-Se bond lengths were 2.68 A and 2.75A, as shown in
Fig. 6(b), which agree well with the values of 2.66 A and
2.78 A determined from EXAFS data (Table II). These
results were also consistent with recent DFT calculations of
the structure of Mn and other transition metal impurities near
the surface of Bi,Se; (not in the bulk), which found bond
lengths of 2.60A and 2.70 A for Mn in Bi sites just below
the surface.'® Those same calculations determined that the
energies of other configurations, including interstitial sites
for Mn, are energetically unfavorable, and moreover, the cal-
culated bond lengths from these other configurations were
significantly different from the EXAFS values.'® Finally, the
EXAFS results are also consistent with Mn-Se bond lengths
in MnSe and MnSe, (2.71 A and 2.73 A, respectively),19 thus
providing additional evidence that, in our samples, the Mn
atoms are predominantly incorporated substitutionally into
the Bi sites.

We note that in Cu-doped Bi,Se; single crystals, Cu can
be absorbed either substitutionally into the Bi sites or in posi-
tions intercalated between two adjacent Se van der Waals-
bonded layers.** Intercalation of Cu impurities in single
crystals can lead to superconductivity,** and in Cu-doped
thin films, it has been recently found that Cu is absorbed in
intercalated or interstitial sites.*> In Cr-doped thin films, it
has been argued that an expansion of the c-axis with increas-
ing Cr doping is consistent with Cr being incorporated in
intercalated sites.'® Although we also observed an expansion
in the c-axis with increasing Mn doping, the a-axis con-
tracted by a similar amount, as shown in Figs. 2(b) and 2(c).
In other words, the volume of the unit cell remained approxi-
mately constant. Together with the fact that the EXAFS
results were consistent with Bi-substitution by Mn atoms, we
conclude that the expansion along the c-axis was most likely
not a result of Mn-intercalation. In fact, the a-axis was meas-
ured in only one of the Cr-doped films in Ref. 10, which was
found to be smaller than the pure sample, so Cr intercalation
may not occur in Cr-doped samples either. It is possible that
the expansion along the c-axis is a result of the Mn impur-
ities weakening the Van der Waals interaction between adja-
cent Se layers. Our experimental data indicate that the a-axis
of the x=0.063 sample contracted by 0.6% and the c-axis
expanded by 0.7% with respect to the pure sample, while the
DFT calculations yielded a contraction of 0.3% for the a-axis
and an expansion of 0.2% for the c-axis. Although the DFT
calculations gave the correct qualitative trend of the experi-
mental data (a contraction of the a-axis and an expansion of
the c-axis), the disagreement in the magnitudes may lie in
the difficulty of calculating the van der Waals interaction
using ab-initio methods. We therefore conclude that the
changes in lattice parameters with Mn doping observed in
our x-ray diffraction data are also consistent with Mn being
substituted for Bi in the Bi,Ses lattice.

D. Transport measurements

The longitudinal film resistivity p,, was measured as a
function of temperature in zero field as shown in Fig. 7(a).
The resistivity of the film with x =0.063 was approximately
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FIG. 7. (a) Temperature dependence of longitudinal resistivities. (b) Hall re-
sistivity data at T=2K for different Mn concentrations as a function of
magnetic field. (c) Charge carrier density 7y and mobility u as functions of
Mn-doping concentration.

an order of magnitude larger than the resistivity of the
undoped sample, as expected from the increased scattering
from magnetic Mn impurities and a larger density of struc-
tural defects. Temperature dependences had a strong metal-
lic character for all samples at high temperatures. At
temperatures below 15K, however, the resistivity of all
samples increased as the temperature was lowered. Similar
findings have been reported*’ for Bi,Se; films with thick-
ness t<10 QL, which have been explained by the
Altshuler-Aronov-Lee (AAL) mechanism*® where weak
disorder results in a non-local effective enhanced electron-
electron interaction.

Carrier densities, ny, were calculated from the linear
slopes of the corresponding Hall resistivities measured at
T =2K shown in Fig. 7(b). All samples had n-type carriers
and the bulk charge carrier density decreased with increasing
Mn concentration, as shown in Fig. 7(c). This indicates that
the Mn impurities acted as acceptors that compensated the
bulk carriers. This compensation could occur if the valence
of Mn was 2+ instead of 3+, which is consistent with the
structural data discussed above. The mobilities were calcu-
lated using the standard equation y = (epxan)fl, where e is
the charge of the electron. The decrease in mobility with
increasing Mn-doping, shown in Fig. 7(c), is due to the
increased electron scattering from defects.

It is important to note that the decrease in the number of
carriers with increasing Mn concentration is modest (a factor
of three) and much lower than expected if all of the Mn sites
acted as acceptors. However, the structural data indicate that
incorporation of Mn also adds structural defects, possibly
grain boundaries and/or Se vacancies, for example. These
structural defects could have the opposite effect, adding car-
riers to the conduction band at the same time that the Mn
sites act as acceptors. Therefore, the acceptors introduced by
Mn "2 substitution into Bi sites is compensated in large part
by donors resulting from other structural defects induced by
Mn incorporation into the lattice.
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IV. CONCLUSIONS

Bi,_Mn,Se; thin films were grown using molecular
beam epitaxy and their structure was systematically investi-
gated using x-ray diffraction, x-ray reflectivity, XPS, and
EXAFS. The structural quality of the samples was maintained
for 30 QL thick samples with x <0.063. It was verified that
the Mn atoms were incorporated substitutionally into the Bi
sites with a Mn™? valence using XPS, EXAFS, and DFT cal-
culations. No evidence of intercalated incorporation of Mn
was found, unlike Cu-Bi,Se;, where both intercalation and
substitutional incorporations have been identified. The behav-
ior of the electrical resistivity and mobility as a function of
temperature was consistent with Mn impurities acting as
acceptors for Mn substitution in Bi sites. Structural defects
created by Mn incorporation result in additional donors that
mitigate the compensation effects due to Mn”>" acceptors.
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